The aim of the present study was to establish an efficient regeneration system for the hybrid E. urophylla ×E. grandis by means of organogenesis. Stem segments from seedlings were used as explants and cultured in a modified Murashige and Skoog medium (MS),yl] urea (PBU) and 0.285 µM indole-3-acetic acid (IAA). PBU was a useful growth regulator. After cultivating for 5 d, 96% explants formed callus. After 30 d, the calli obtained were transferred to MS medium containing different combinations of 6-benzyladenine (BA) and naphthalene acetic acid (NAA). Compared with other growth regulator combinations, PBU stimulated more vigorous calli and restrained browning. In addition, a large percentage (91.3%) of the calli induced by PBU showed adventitious buds formation. Shoot elongation was then stimulated on half-strength MS mineral salts medium supplemented with 6.6 µM PBU and 0.285 µM IAA for 20 d. For rooting, the elongated shoots were cultivated on root induction medium containing 2.46 µM indole-3-butyric acid (IBA). Plantlets were then successfully transplanted to a greenhouse. This procedure represented an efficient way of E. urophylla ×E. grandis plant regeneration.
INTRODUCTION
Eucalypt is the most widely planted hardwood crop in tropical and subtropical regions worldwide (Doughty 2000; Potts and Dungey 2004) , and is the most important forest tree in China, covering more than three million hectares of commercial plantations (FAO 2001) . The hybrid E. urophylla ×E. grandis is highly prized in China for its superior wood properties, rooting ability and disease resistance. Plantation forestry of E. urophylla ×E. grandis supplies high-quality raw material for pulp, paper, wood, and energy while it can reduce the pressure on native forests and associated biodiversity. The expansion of these 'fiber farms' may become limited by land needs for the growth of food and other biofuel crops, in some cases, by public pressure. From a strategic standpoint, increasing the forest productivity and the quality of wood products by transgenic technologies has become increasingly important to the forest industry (Grattapaglia and Kirst 2008) . E. urophylla ×E. grandis can be transformed by Agrobacterium tumefasciens, but the major difficulty in growing them lies in regeneration (Gonzales et al. 2002) . Significant progress has been made in the regeneration of some Eucalyptus species via organogenesis (Dibax et al. 2010; Prakash and Gurumurthi 2009; Dibax et al. 2005; Sartoretto et al. 2002) . However, very few studies have reported successful regeneration of E. urophylla ×E. grandis. Synthetic phenylurea derivatives are potent plant growth regulators and exhibit cytokinin-like activity in various culture systems (Carra et al. 2006; Chung et al. 2007; Khan et al. 2006; Ricci et al. 2005; Turker et al. 2009 ).
Among them, N-phenyl-N'-[6-(2chlorobenzothiazol)-yl] urea (PBU; Fig. 1 ) was first synthesized and purified in our laboratory (Li and Luo 2001) . The aim of this work was to establish an efficient regeneration system for the hybrid E. urophylla ×E. grandis by organogenesis from the stem segment, and to use PBU for efficient callus and bud induction as a preliminary step towards the regeneration of explants derived from the axenic seedlings. 
MATERIALS AND METHODS

Plant material
Stem segments originated from the axenic seedlings of E. urophylla ×E. grandis were used as explants, which were kindly provided by the China Eucalyptus Research Center.
Callus induction
Stem segments (4 -8 mm) were excised from the axenic seedlings and inoculated on MS medium supplemented with 100 mg·L -1 Vitamin C, 30 g·L -1 sucrose, 7 g·L -1 agar and different plant growth regulator combinations (Table 1) for callus induction. MS medium was sterilized at 120 ºC for 20 min and the pH was adjusted between 5.8 to 6.0. Vitamin C was sterilized by filtration using a membrane with 0.22 µm pore diameter before combining with other components of the medium. The explants were incubated at 25 ± 2 ºC in darkness for two weeks and then for another two weeks under a 16 h of photoperiod with luminous intensity of approximately 50 µmol·m -2 ·s -1 emitted from cool fluorescent tubes (standard culture conditions).
Adventitious bud induction
To induce the formation of adventitious buds, calli derived from the explants were cultivated on MS medium containing different combinations of BA and NAA (Table 2 ). The calli were maintained at standard culture conditions of photoperiod and temperature. After 40 d, adventitious bud formation was evaluated and reported.
Shoot elongation, rooting and acclimatization
In order to stimulate shoot elongation and proliferation, calli with short adventitious buds were first transferred to half-strength MS medium supplemented with different plant growth regulator combinations (Table 3) for 20 d. After this period, the elongated shoots (approximately 35 mm long) were cultivated in modified half-strength MS medium containing different concentration of IBA for rooting. Subsequently, rooted plantlets in the conical flasks covered with ventilate pellicle were transferred to a greenhouse (25 ± 2 ºC and 80% relative humidity) for 7 d, following which plantlets were transferred to a mixture of soil and fine sand (2:1 v/v) in the greenhouse and allowed to develop into fully grown plants.
Statistical analysis
The experimental design was completely randomized with five replicates of twenty explants. The values used for statistical analysis were the means obtained for each treatment. The treatment effects were analyzed by ANOVA and means were compared by Duncan's multiple range test (α= 0.05). All percentage rate data were subjected to arc-sine transformation previous to run ANOVA with SAS.
RESULTS AND DISCUSSION
Callus formation
Various properties of the explants were found to be important for callus induction. The length of explants could not be more than 8 mm. If the original explants contained meristems of axillary buds, the shoots grew out directly from those buds. Calli bore different colours associated with the presence of anthocyanins, and buds sprouted from greenish-yellow calli ( Fig. 2A) . These calli maintained their ability to grow until approximately 30 d on MS medium. After this period, the calluses gradually became brown and no adventitious buds were observed. In a previous study PBU induced higher percentage of callus formation was observed than other plant growth regulators (Huang et al. 2010) . About 96% of the cut surface had grown calli on the 6th day when the explants were cultured on MS medium containing 13.2 µM PBU and 0.285 µM IAA (Table 1) . Compared with TDZ or the combination of BA and 2, 4-D, PBU stimulated more vigorous calli and prevented them from browning. In addition, the calli induced by PBU showed higher frequency of adventitious buds induction after transferring to adventitious bud inducing medium. In this study, PBU was used to induce the calli formation only for 30 d, following which other cytokinins (TDZ or BA) were used to stimulate the shoot proliferation. This is the first study which used PBU to induce Eucalyptus callus. This class of synthetic cytokinins probably acts by activating the cytokinin response pathway (Yamada et al. 2001 ). It might also be possible that PBU inhibited ethylene production, whereas, these calli were inhibited browning. Values are means ± SD. Means followed by the same letter in a column do not differ significantly (α＞0.05) .
Adventitious bud induction
The adventitious buds were observed 40 d after the calli were cultivated on MS medium supplemented with the combinations of NAA with BA or kinetin (KT) ( Table 2) . Regarding the percentage of explants regenerating buds and number of buds per explant, the interaction among NAA with BA or KT concentrations was significant. Among the combinations of plant growth regulators tested, the combination of 0.25 µM NAA and 4.4 µM BA yielded the best results, with 91.3% of adventitious bud formation. These results differed from those described by Ho et al. (1998) and Diallo and Duhoux (1984) , both of whom got bud regeneration on cotyledonary leaf explants cultured in the presence of 16.2 µM NAA and 4.44 µM BA or 5.4 µM NAA and 2.22 µM BA. These authors used auxin at a concentration higher than the concentration of BA. In the present study, however, the best results were obtained when the concentration of BA was higher than the concentration of NAA. The present results and reported in other studies together indicated that the efficiency of Eucalyptus micro-propagation was highly dependent on the adventitious bud induction. The percentage of adventitious bud formation was 91.3%, which was higher than that reported in other studies (Cid et al. 1999; Hervep et al. 2001; Alves et al. 2004 ). Shoot cluster production was continuous from the calli derived from all the tested explants during the first 40 d on MS medium supplemented with 4.4 µM BA and 0.25 µM NAA. In general, a progressive enhancement in the number of shoots was observed during this period. However, when these calli were maintained on shoot induction medium for more than 60 d, they gradually became reddish and later turned brown, causing the medium to darken in color. This might have been due to the production of phenolic compounds. It has been speculated that a long exposure to light might increase the presence of specific receptors to phenolic inductors (Mayer 1987) . The presence of cytokinin in the medium also seems to stimulate callus browning. Values are means ± SD. Means followed by the same letter in a column do not differ significantly (α＞0.05).
Shoot elongation, rooting and acclimatization
Adventitious buds cultivated on half-strength MS medium supplemented with the combinations of IAA with PBU or BA (Table 3) . 30 d after the transfer, the percentage of adventitious buds showing shoot induction was significant differences in all the six different plant growth regulator combinations tested, and the length of buds ranged from 0.5 to 4 cm. Among the combinations of plant growth regulators tested, the combination of 6.6 µM PBU and 0.285 µM IAA yielded the best results, with 98% of shoot elongation (approximately 35 mm long, Fig. 2C ). Shoots submitted to rooting treatment with IBA had a better response, varying between 78 to 100%, compared to the control at 50% (cultured in the half-strength MS medium without any hormones). Regarding the percentage of rooting and the time of rooting, all IBA treated shoots exhibited a superior rooting capacity compared with the control (Table 3) . After 12 d, under standard culture conditions, 6 -10 adventitious roots were visible at the bottom of the shoots. Another 10 d later, the length of roots was 30 -40 mm (Fig. 2E) . These results indicated that IBA pre-treatment was important to increase the rooting efficiency in this hybrid. All of the rooted plantlets transferred to soil survived in greenhouse conditions and developed into normal plants without any obvious variant phenotypes (Fig. 2F) . 
